ABSTRACT: Accurate wave height prediction along the shore plays an important role in coastal protection and management. To account for the effect of submerged vegetation in waveattenuation models, it is important to understand how the interaction between vegetation characteristics and hydrodynamic forcing affects wave attenuation. To determine the effect of vegetation characteristics, we used seagrass mimics that varied in (1) blade stiffness, (2) shoot density and (3) leaf length; to investigate the effect of hydrodynamic forcing, we studied wave attenuation in the absence and presence of a tidal current. Results show that wave attenuation is positively correlated with blade stiffness and for a given wave in shallow water, attenuation is dependent on a combination of shoot density and leaf length, which can be described by the leaf area index. The presence of a tidal current strongly reduced the wave-attenuating capacity of seagrass mimics, and this reduction was most pronounced at high shoot densities. Thus, most studies that have been carried out under waves only will structurally overestimate wave attenuation for tidal environments, emphasising that tidal currents need to be taken into account in future studies on wave attenuation by vegetation.
INTRODUCTION
The interaction of seagrass with hydrodynamics is widely recognised to affect sediment dynamics (Fonseca 1996) , coastal erosion (Stein et al. 1989 ) and ecological processes such as nutrient transport and pollen dispersal (Verduin et al. 2002) . Seagrass reduces flow velocities (Fonseca & Fisher 1986) , and it has been shown for a variety of seagrass species that submerged seagrass vegetation can significantly attenuate waves (Fonseca & Cahalan 1992 , Koch & Gust 1999 , Verduin & Backhaus 2000 , Méndez & Losa da 2004 . For example, Fonseca & Cahalan (1992) found a reduction in wave energy density of ap proximately 40% m −1 of seagrass meadow during a laboratory study with 4 different seagrass species, and wave energy density reductions of up to 80% have been observed in the field (Prager & Halley 1999) . Coastal protection and management strategies need to account for the effect of seagrass on wave attenuation, and it is therefore important to understand which vegetation traits (e.g. shoot density, leaf length and stiffness) and hydrodynamic parameters (e.g. absence versus presence of current) drive wave attenuation by submerged vegetation (Teeter et al. 2001 , Patil & Singh 2009 ). The effect of shoot density on wave attenuation has been recognised in a number of studies (e.g. Bouma et al. 2005 , Chen et al. 2007 , Augustin et al. 2009 , Prinos et al. 2010 ), but the number of different densities , C. L. Amos used was generally low (2 to 3) and hence insufficient to derive in-depth insight in the relationship between shoot density and wave attenuation. Moreover, this relationship might be complicated by the effect of water depth. In general, wave attenuation by vegetation decreases if the submergence ratio (defined as the ratio of water depth to vegetation height) increases (Fonseca & Cahalan 1992 , Bouma et al. 2005 , Augustin et al. 2009 , Prinos et al. 2010 . The influence of shoot density on wave attenuation also decreases with increasing submergence ratio, as shown for artificial salt marsh vegetation (Augustin et al. 2009 ) and Posidonia oceanica mimics (Prinos et al. 2010) . Previously, the effect of submergence ratio on wave attenuation has mainly been addressed by changing the water depth over vegetation of constant height (e.g. Fonseca & Cahalan 1992 , Bouma et al. 2005 , Augustin et al. 2009 , Prinos et al. 2010 . However, a change in water depth typically results in changed wave parameters such as wave height and/ or period, making it unclear whether this change in hydrodynamics influences the results. Thus, there is need to (1) study the relationship between shoot density and wave attenuation by covering a broader range of vegetation densities and (2) investigate the effect of submergence ratio on wave attenuation by maintaining a constant water depth while varying the vegetation height by using seagrasses with different shoot lengths. A comparative study between seagrass and salt marsh species (Bouma et al. 2005) indicated that plant stiffness affects wave attenuation. The stiff salt marsh vegetation attenuated waves much more effectively than the flexible seagrass, which had a much larger amplitude of shoot movement with the waves. An increase of wave attenuation with increasing stiffness has also been observed for large macroalgae (Koehl 1996 , Denny & Gaylord 2002 and references therein). However, an effect of stiffness was not found when comparing a mimic showing cantilever motion to rigid structures (Augustin et al. 2009 ). When comparing wave attenuation over stiff Spar tina anglica and flexible Puccinellia maritima marsh vegetation, Bouma et al. (2010) observed that differences in wave attenuation between flexible and stiff vegetation disappear on a biomass basis, meaning that an increased shoot density can counteract the reduced wave-attenuating capacity of flexible plants. While previous studies have indicated that stiffness can play a role in wave attenuation by vegetation, most studies have been carried out on vegetation types other than seagrass (i.e. salt marsh or macroalgae) and hence there is need for data on seagrass species with varying stiffness. The rigidity of a plant determines how much, and moreover in what way, a plant moves under the influence of waves. Depending on their stiffness and length, seagrasses move in a cantilever or a whip-like motion. A transition from the first to the latter can take place when the applied wave forcing increases (Manca 2010) , and the rate of this transition varies with stiffness. It is not yet clear what role this type of motion plays in wave attenuation by seagrass.
In the past, laboratory studies have neglected the influence of a possible presence of a current on the wave-attenuating effect of vegetation. While this approach helps to understand the general processes of wave attenuation by vegetation, it is a simplification of the natural environment where most seagrass meadows are exposed to waves superimposed on a tidal flow. The effect of an underlying current on wave attenuation over unvegetated beds has been recognised (Madsen 1994) , and a field study on kelp (Gaylord et al. 2003) investigated the effect of an alongshore current on wave forces. Those authors observed that the current perpendicular to wave propagation reduced wave energy dissipation for flexible kelp while it did not affect the wave-attenuating capacity of rigid structures. Moreover, the reduction within kelp increased with increasing flow velocity. To our knowledge, Gaylord et al. (2003) are the only researchers to date who have considered the effect of combined waves and currents, but the effect of a current on wave attenuation by seagrass has not yet been addressed.
In summary, previous studies have identified the vegetation characteristics shoot stiffness, shoot density and, indirectly, shoot length via the submergence ratio (i.e. ratio of water depth to vegetation height) as important factors in wave attenuation. However, a more systematic analysis of the effects that these traits have on wave attenuation is needed to understand how submerged vegetation like seagrass affects wave height (Bouma et al. 2010) and to be able to ac count for seagrass in coastal design (Fonseca & Cahalan 1992) . Within the existing studies on wave attenuation by vegetation, the effect of tidal currents is generally neglected, although a few studies have indicated that the presence of currents may be an important modifier on the wave-attenuating capacity of the plants. Hence, here we aimed to (1) investigate the impact of the 3 seagrass traits shoot stiffness, density and leaf length on wave height reduction and (2) investigate how a tidal current affects wave attenuation by seagrass. To disentangle the influence of specific vegetation traits on wave attenuation, simple but mechanically realistic seagrass mimics (2 stiffnesses, 5 densities, 3 lengths; see Table 1 ) were used in a series of flume experiments. By changing the mimics' leaf length, we addressed the effect of submergence ratio while maintaining identical wave conditions in constant water depth. To investigate how a tidal current affects wave attenuation by seagrass, mimics were exposed to waves with and without an underlying steady current.
MATERIALS AND METHODS

Seagrass mimics
Plant mimics were used in order to disentangle the impact of 3 seagrass traits (vegetation density, shoot flexibility and leaf length) on wave attenuation, while excluding effects of other morphological parameters. The use of mimics enabled us to change single traits while maintaining all other characteristics and therefore yielding information on the impact of single vegetation traits on hydrodynamics. Seagrass mimics have been successfully used in the laboratory (Bouma et al. 2005 , Fonseca & Koehl 2006 , Ghisalberti & Nepf 2006 and in field studies (Lee et al. 2001) and are widely accepted across disciplines. Fonseca & Koehl (2006) used mimics to investigate hydrodynamics within and above seagrass meadows, while Lee et al. (2001) investigated the importance of seagrass to associated fauna with mimics. Additionally, mimics have also been widely applied in engineering studies (Stein et al. 1989) .
The dimensions of the mimics were based on the natural size and density ranges of Zostera noltii in order to create scenarios similar to ones found in the natural environment. Z. noltii was chosen because it has a simple and well described morphology (Den Hartog 1970) . Its shoots consist of a stem or sheath and several ribbon-shaped leaves which can be easily reproduced in realistic mimics. Leaf width of all mimics ranged from 1.8 to 2.2 mm, which represents the upper limit of the natural width of Z. noltii (Phillips & Meñez 1988) . Leaf lengths under investigation covered the natural range for Z. noltii and ranged from 10 to 30 cm (Table 1) . By varying the leaf length, it was possible to investigate wave attenuation under different submergence ratios, but with constant water depth.
To explore the effect of stiffness on wave attenuation, we used mimics with 2 different flexibilities but otherwise comparable morphology. This approach is a simplification, as it is not to be expected that such differences in stiffness can be found within a single seagrass species. In nature, differences in stiffness would indicate a different species and consequently would always be accompanied by changes in morphology. However, this simplified approach enabled us to identify the effect of stiffness on wave attenuation without influences from other morphological parameters. It therefore puts the results in the context of wave attenuation by vegetation in general instead of by just 1 species. The mimic materials were chosen in a way that they showed a different bending behaviour. The stiff mimic (cable ties) was similar to mimics that have been used to represent salt marsh vegetation (Bouma et al. 2005 ) and moved like a cantilever under wave motion (Fig. 1a) . The flexible material (poly ribbon) bent similarly to Zos tera noltii plants and at high leaf lengths showed a whip-like motion under waves (Fig. 1b) . For both flexibilities, mimic meadows with a density of 1000 and 4000 shoots m −2 were produced. For the flexible mimics, additional meadow mimics with densities of 500, 2000 and 8000 shoots m −2 were generated. These densities cover a wide range of natural densities of Z. noltii (Table 1) and yield a detailed investigation of the impact of shoot density on wave attenuation.
The combination of the above flexibilities, densities and leaf lengths led to a total number of 19 different meadow mimics (Table 1) . Each meadow mimic was 3 m long and 0.6 m wide to cover the whole width of the flume (see 'Experimental setup' below). To create the meadow, the Table 1 . Zostera noltii. Shoot density and leaf length for Z. noltii and mimics. All meadow mimics in the present study were exposed to waves with and without an underlying current mimics were tied to a canvas mesh with a mesh size of 0.8 cm. To achieve an evenly distributed and yet arbitrarily organised meadow mimic that would be comparable to a natural distribution in the field, the canvas was segmented into squares of 3.4 × 3.4 cm. For the density of 1000 shoots m −2
, 1 strip was placed haphazardly within each square. For the other densities, the number of strips per square was reduced or increased accordingly. For each meadow mimic, the canvas was then attached to a wooden board, and the board was weighed down on the bottom of the flume for deployments.
Experimental setup
Experiments were carried out under controlled conditions in a racetrack wave flume ( tained (Hendriks et al. 2006) . The flume was equipped with a conveyor belt system and a wave paddle. This combination allowed generating unidirectional flow with velocities up to 0.45 m s −1 (Bouma et al. 2007 ), waves of varying heights and periods (Chang et al. 2008) or a combination of both. This feature provided us with the opportunity to investigate the influence of vegetation traits on waves only as well as on combinations of waves and steady currents. The latter represent more natural conditions where tidal currents act simultaneously with waves. However, only an incoming tide can be represented during the experiments, as flow and waves could only be generated in the same direction. Additionally, the size of the flume enabled us to run the experiments on full scale and therefore eliminated possible errors that might occur during down-scaling of the mimics.
The water depth in the flume was set to 0.3 m, which allowed a submergence ratio of 1:1, 2:1 and 3:1 for the respective leaf lengths. All of these ratios can be observed in the field (Koch 1994 , Curiel et al. 1996 . Regular waves with a wave height of H = 0.1 m and a wave period of T ≈ 1 s were generated by the wave paddle. The waves were applied to all meadow mimics once without and once with an underlying steady current of 0.1 m s −1 , which corresponds to low tidal currents typical for areas covered with seagrass in the field (Bouma et al. 2005) . Additionally, a control run in an empty flume was carried out for both hydrodynamic conditions.
Wave height was measured with 4 conductivity gauges (DHI) at a sampling rate of 25 Hz, and recordings were taken for 600 s for each run (Fig. 2b) . Two of the gauges were placed 3.3 m in front of the seagrass mimics and spaced 21.5 cm apart to detect occurring reflection. One gauge was placed at the leading edge of the seagrass mimics and 1 at the end of the mimics. Additionally, a video camera was used to record seagrass movement through the glass wall of the test section, and an acoustic doppler velocimeter (ADV) was used to monitor flow velocities. The filmed section was located 1.5 m into the mimic patch, and film sequences were 300 s long for each run.
Data processing
Wave recordings were transformed into the frequency domain using Fast Fourier Transform. The data from the 2 upstream gauges were used to determine the reflection coefficient using the method developed by Baldock & Simmonds (1999) . Data from the gauges at the beginning and end of the seagrass mimics were filtered for the determined reflection if the reflection coefficient exceeded 5%. Data were then transformed back into the time domain with an Inverse Fast Fourier Transform, and 0-crossing was applied to obtain significant wave height at the beginning and end of the seagrass mimics. From these values, the dissipated wave height ΔH per meter of mimic patch was derived as:
where H 1 and H 2 are the wave heights at the beginning and end of the seagrass mimics, respectively, and x is the length of the mimic patch (3 m). This approach assumes linear wave dissipation along the patch. Previous studies have shown that the relationship between wave dissipation and distance into a vegetated area is non-linear (Möller et al. 1999 , Koch et al. 2009 , Bouma et al. 2010 . However, linearity is a valid simplification when studying flexible vegetation with relatively small wave-attenuating capacity over short distances (Fonseca & Cahalan 1992 , Bouma et al. 2005 .
As the mimic meadows varied in leaf length as well as density, a parameter that includes both of these values was required to compare all flume runs with each other. Therefore, the 1-sided leaf area index (LAI = leaf length × leaf width × density, m 2 m −2 ) was calculated for each meadow mimic and consequently used to compare the wave-attenuating capacity of each meadow mimic under investigation.
Relationships between dissipated wave height and influencing parameters were explored for a best fit. In cases where the fit was significant, it was found to be linear. Stepwise multiple regression was then applied to evaluate the influence of all parameters under investigation (i.e. LAI, stiffness, submergence ratio, current) on dissipated wave height.
Plant movement was expressed in excursion of the leaf tip, which was derived from video recordings. A transparent sheet was placed in front of the computer screen while the video was played back. The maximum excursion of 10 leaves run −1 was marked on the sheet and later measured. Those distances were scaled to full scale using the known height of the window in the flume wall. The video recordings were also used to determine canopy height for each run. Canopy height was defined as distance above the bed that contained seagrass. It can be smaller than the mimic's leaf length if the mimic is bending under incident forcing.
The force required to deflect the stiff mimic from the vertical was measured with a strain gauge (Gould). The gauge was attached to the tip of a 15 cm long mimic and pulled sideways; readings were taken when the mimic's tip reached the respective angle. Due to the gauge design, these measurements were carried out in air. Values will therefore differ from forces required in water; however, this difference is expected to be constant, and the values in air show the general relationship between force and deflected angle.
RESULTS
For all mimic meadows, an increased wave height reduction was observed compared to the reduction during control runs with a bare bottom (see Figs. 3 to 5). Additionally, an effect of plant stiffness on wave attenuation was clear when comparing the results from both materials used (Fig. 3) . The attenuating effect of the stiff material was approximately 4 times higher for any given LAI compared to the flexible mimics, unless LAI was negligibly low.
For both stiffnesses, the dependence of wave dissipation on LAI was best described by a linear relationship ( Fig. 3) : ΔH = 0.61 × LAI + 0.56 (n = 5, R 2 = 0.94) and ΔH = 0.14 × LAI + 0.57 (n = 15, R 2 = 0.85) for the stiff and flexible mimic, respectively. The relationships differ significantly in slope (t-test, p < 0.05), while the intercepts are comparable and slightly higher than the control value. We do not know why a discrepancy between regression intercepts and control value exists.
Moreover, our results showed that wave dissipation increases with submergence ratio (Fig. 4) . However, the data suggest that the effect of submergence ratio remains almost constant for shoot densities ≤2000 m −2 and increases with increasing density above this value.
Comparing wave attenuation in the absence or presence of an underlying current of 0.1 m s −1 revealed that if a current is present, both wave dissipation and the observed canopy height are reduced for any given leaf length (Fig. 5) . The canopy height reduction by currents is up to 36% for the flexible material, with the largest reduction for long flexible Fig. 5c to g ) and, not surprisingly, much smaller for the stiff material (up to 7%, Fig. 5a,b ). Leaf bending due to currents puts leaves lower in the water column where they are ex posed to less orbital motion. However, even when comparing mimics with a similar actual canopy height (Fig. 5 ), wave dissipation rates in the presence of a current are >10% lower than in the absence of a current. This indicates that processes other than the position of the leaves in the water column cause the observed reduction in wave attenuation in the presence of a current. Another parameter that was reduced in the presence of an underlying current was the excursion of the mimic's tip; it changed with leaf length, but more importantly with the presence of a current. At the highest shoot densities for both stiffnesses, a reduction in tip excursion of 16 to 28% was observed in the presence of a current (Table 2) .
When considered individually, stiffness, LAI, submergence ratio and current have an effect on wave height dissipation. However, results also indicate that stiffness and LAI can compensate each other (Fig. 3) . Moreover, due to the setup of the experiments, a decrease in submergence ratio led to an increase in LAI for a given shoot density (Fig. 4) , which needs to be taken into account when interpreting the effect of submergence ratio on wave attenuation. To explore possible interdependences, stepwise multiple regression was carried out on the whole dataset (Table 3) .
Regression results show that compared to other parameters in this study, submergence ratio has no significant effect on wave height dissipation (β = 0.05, t = 0.54, p > 0.5). From the other parameters, LAI is the dominating factor when estimating wave height dissipation, followed by the effect of an underlying current (Table 3) . Stiffness has also been identified as significant, but the values for the regression coefficient b and the standardised regression coefficient β need to be interpreted with caution. As no quantitative measurements of stiffness were carried out during this study, stiffness was included as an indexed value in the regression analysis.
DISCUSSION
We investigated the combined effect of vegetation characteristics (shoot stiffness, density and length) and the presence/absence of an underlying current on wave attenuation by submerged (mimic) vegetation. By using mimic meadows with different shoot densities and leaf lengths under constant hydrodynamic conditions, we found that for a given water depth, wave attenuation of shallow water waves de pends on LAI. This observation applied to both stiffnesses used in this study; however, wave attenuation for a given LAI was much more pronounced for the stiff material. Additionally, tests with and without an underlying current revealed, to our knowledge for the first time, that the wave-attenuating capacity of seagrass is significantly lower in the presence of a current. Table 3 . Results of stepwise multiple regression for vegetation traits and currents under investigation. b = regression coefficient, β = standardised regression coefficient. The regression was done in SPSS with the criteria Probability-of-Fto-enter ≤ 0.05 and Probability-of-F-to-remove ≥ 0.1. The effect of submergence ratio was not significant (p > 0.25 for all models). Values for β are at p < 0.001. LAI: leaf area index
Stiffness
The materials chosen for the mimics strongly differed in stiffness, which led to a different bending behaviour (cantilever versus whip-like) under waves and resulted in different rates of wave attenuation. This agrees with a study carried out on real plants of contrasting stiffness (Bouma et al. 2005) . A comparison between rigid and cantilever-like structures, however, did not yield a significant difference in wave attenuation (Augustin et al. 2009 ). Hence, it is possible that the type of motion (cantilever versus whip-like) is more important for wave attenuation than the material stiffness as such. A study on Spar ti na anglica and Puccinellia maritima (Bouma et al. 2010) found that the flexible plant (P. maritima) dissipated wave height at higher densities as effectively as the stiff plant (S. anglica) did at low densities. This observation was confirmed in the present study, where the flexible material required approximately 4 times the LAI of the stiff material to yield the same dissipated wave height.
Submergence ratio and LAI
Previous studies (Ward et al. 1984 , Fonseca & Cahalan 1992 , Koch 1996 showed that seagrass is more effective at attenuating waves when it occupies more of the water column. This led to the general understanding that wave attenuation depends on the submergence ratio. Our results extend these observations by showing that for a given small water depth, LAI as a combination of leaf length and shoot density can be used as an integrating factor to predict wave attenuation.
In field studies (Ward et al. 1984 , Koch 1996 , Koch et al. 2006 ) the seagrass canopy remained constant and water depth changed over the tidal cycle. As a result of changing water depth, wave height and period are likely to have changed. Paul & Amos (2011) showed that waves of different periods are attenuated differently by a Zostera noltii bed, and it is possible that this response to differing wave periods is responsible for the difference in wave-attenuation capacity with varying water depth. Fonseca & Cahalan (1992) varied water depth during their laboratory study on 4 different seagrass species, and al though they applied waves with the same period, incident wave height varied between runs. Other laboratory studies adop ted this approach and also changed the submergence ratio by adjusting water depth over vegetation with constant height (Augus tin et al. 2009 , Prinos et al. 2010 ).
During our study, variation in submergence ratio was achieved by exposing mimics with different leaf lengths to identical monochromatic waves in constant water depth. For a constant incident wave forcing, our study confirmed previous findings that wave dissipation depends on submergence ratio (Fonseca & Cahalan 1992 , Prinos et al. 2010 . A linear trend was found for all shoot densities under investigation (Fig. 4) , but the trends for shoot densities ≤2000 m −2 did not differ significantly. This finding agrees with observations made in the field, where a minimum shoot density was required to observe wave attenuation in Zostera noltii (Paul & Amos 2011) and Ruppia maritima (Newell & Koch 2004 ). However, it may be an artefact of the dataset, as data for 2000 shoots m −2 did not show good correlation (R 2 = 0.15) and the density of 4000 shoots m −2 lacks data for a submergence ratio of 1:1. Moreover, stepwise multiple regression (Table 3) showed that the effect of submergence ratio was not significant when explaining observed dissipated wave height across the whole dataset. This lack of significance may be due to the experimental setup. To achieve different submergence ratios in constant water depth, the mimics' leaf lengths were adjusted be tween runs. This led to an increase of LAI with decreasing submergence ratio for a given shoot density. LAI was identified as the main influencing parameter for wave height dissipation and therefore may have affected the relationship observed for submergence ratio and dissipated wave height in this case.
The results also revealed a linear relationship of wave dissipation with LAI (Fig. 3) . This suggests that for a given wave in shallow water, a short but dense meadow has the same wave-attenuating effect as a high but sparse meadow with the same LAI. This may be explained by the drag that each unit of leaf area poses on the water movement which in return loses momentum (Kobayashi et al. 1993) . The sum of momentum loss generated by the whole leaf area leads to reduced wave energy and can be observed as wave height reduction. As a result, it may not matter where in the water column the biomass is located, and only the amount of biomass determines the rate of wave attenuation. However, we expect this to be only valid for cases where the waves are in shallow water and feel the bottom. In cases where the orbital wave motion does not reach the bottom, a higher meadow is likely to have a higher attenuating effect, because the wave would feel part of the long leaves while it may not feel a shorter meadow. Moreover, this conclusion is based on meadows where biomass is evenly distrib-uted throughout the height of the canopy (e.g. Zostera noltii), and it is not yet known whether the same applies to species that have more biomass in the upper (Amphibolis antarctica) or lower (Posidonia oceanica) part of the canopy.
Effect of current
In the presence of a current, wave attenuation shows the same systematic behaviour as in the waveonly case, but dissipated wave height is lower for a given canopy height when a current is present (Fig. 5) . A reduction in wave attenuation was also observed in the control runs which could be explained by the increased wavelength due to the Doppler effect that sets in when a current follows waves (Demirbilek et al. 1996) . It has been observed that wave attenuation decreases with increasing wavelength (Nielsen 1992) . However, during the control runs, the effect of the underlying current on wave attenuation was generally small compared to the current's effect on wave attenuation by mimics (i.e. on average 45% less effect on controls). Overall, our results clearly indicate that the current has an important effect on the wave-attenuating capacity of seagrass.
To our knowledge, no other study to date has addressed the influence of a current on wave attenuation by seagrass systematically, although its effect on wave attenuation has been recognised for unvegetated beds (Madsen 1994 ) and kelp (Gaylord et al. 2003) . Our results confirm that the same is true for seagrass beds and suggest that previous studies which neglected the effect of underlying currents may have overestimated the effect of seagrass on wave attenuation in tidal regions, especially in cases where the underlying current follows the waves.
Wave attenuation by vegetation has 3 components. Plants (1) provide skin friction due to their surface structure, (2) impose form drag on the flow that depends on their shape and (3) absorb wave energy by converting it into plant movement. Skin friction generally depends on the size of the wetted plant area, although this can change when flexible organisms bend or packaging occurs at high densities (Koehl 1996) . Under the tested conditions, however, it can be considered independent of flow velocities. The form drag of the plant's frontal area generates turbulence behind the plant, which leads to energy dissipation (Nepf 1999) . In the presence of a current, flexible plants change their shape by bending, which reduces the frontal area that poses drag on the flow (Vogel 1994 , Boller & Carrington 2006 . This streamlining allows flexible plants to reduce form drag under increased flows compared to rigid structures (Vogel 1984 , Koehl 1996 , which in turn may contribute to the reduction in wave attenuation in the presence of a current. However, the effect of bending on wave attenuation is considered small, because the orbital wave motion prevents a constant state of streamlining over the wave cycle.
Vegetation also reduces wave energy by transforming it into plant movement. This transformation results in less energy contained in the wave and can thus be observed in a reduced wave height, because the 2 parameters are related according to linear wave theory (Kamphuis 2000) . In the wave-only case, seagrass can move freely within the limits of its stiffness and extract energy from the waves. In the presence of a current, this movement gets restricted (Table 2) and the plants are therefore no longer able to absorb the same amount of wave energy.
An underlying current exerts an initial force on the plants which causes them to bend. This bending leads to a primary tension within the blades, and the force required to bend the blade further increases with increasing bending angle (Fig. 6) . The plant movement generated by a given wave force would therefore decrease if the initial bend due to a steady current increases. A study under unidirectional flow (Boller & Carrington 2006) showed that initially flexible macro algae were affected by flow velocities and behaved like rigid bodies once a critical velocity was ex ceeded. It could therefore be expected that the motion-restrictive nature of the underlying current would increase with increasing flow velocity. Similar to macroalgae (Boller & Carrington 2006) possible that a critical velocity exists at which the seagrass blades are not able to move anymore and wave attenuation would remain constant when flow velocities increase above this threshold value. We hypothesise that the wave attenuation of plants that are exposed to currents above this threshold would still be higher than wave attenuation in the complete absence of plants due to skin friction and streamlined form drag. The stiff material in this experiment did not bend significantly, and its motion can be described as the back and forth movement of a cantilever (Fig. 1a) . The flexible material, however, did bend under waves as well as under combined waves and currents and showed a whip-like motion when it moved against the direction of wave propagation (Fig. 1b) . This whip-like motion was equally apparent in the presence and absence of a current, but with a smaller excursion when a current was present. The above explanation would therefore be valid for material that has a cantilever motion as well as for material with a whip-like motion and may be applicable for a wide range of vegetation types.
CONCLUSIONS
Laboratory experiments with artificial seagrass were used to investigate the effect of leaf length, shoot density and stiffness on wave attenuation in the absence and presence of a tidal current. Results showed that LAI is the dominating factor that determines wave attenuation. The LAI combines the effect of leaf length and shoot density and therefore indicates that density can compensate for lack of canopy height and vice versa with respect to wave attenuation. Shoot stiffness was also found to be significant, although its impact could not be finally quantified within this study. On the other hand, the impact of submergence ratio was not significant, which contrasts previous findings (Fonseca & Cahalan 1992) . This difference in observations may be caused by different experimental setups, but further work is required to clarify the effect of submergence ratio on wave attenuation. The presence of an underlying current led to a reduction in wave attenuation for all 19 mimic meadows under investigation. This clearly shows that experiments which are carried out under waves only are likely to overestimate the wave-attenuating capacity of seagrass compared to most natural environments where underlying currents are present in the form of tidal flow. 
